We have determined the sequence of cDNA for the human histidyl-tRNA synthetase (HRS) in a hepatoma cell line and confirmed it in fetal myoblast and fibroblast cell lines. The newly determined sequence differs in 48 places, including insertions and deletions, from a previously published sequence. By sequence specific probing and by direct sequencing, we have established that only the newly determined sequence is present in genomic DNA and we have sequenced 500 hundred bases upstream of the translation start site. The predicted amino acid sequence now clearly demonstrates all three motifs recognized in class 2 aminoacyl-tRNA synthetases. Alignment of E. coll, yeast, and when available, mammalian predicted amino acid sequences for three of the four members of the class 2a subgroup (his, pro, ser, and thr) shows strong preservation of amino acid specific signature regions proximal to motif 2 and proximal to motif 3. These probably represent the active site binding regions for the proximal acceptor stem and for the amino acid. The first two exons of human HRS contain a 32 amino acid helical motif, first described in human QRS, a class 1 synthetase, which is found also in a yeast RNA polymerase, a rabbit termination factor, and both bovine and human WRS, suggesting that It may be an RNA binding motif.
INTRODUCTION
The aminoacyl-tRNA synthetases constitute a group of twenty proteins which play a crucial role in the correct translation of the genetic code by catalyzing the reaction joining an amino acid to its cognate tRNA. Despite their common function, their structures diverge widely. Primary structures of almost all twenty bacterial and yeast synthetases are available, and the recognition of two major classes, based upon both crystallographic and primary structural analysis, has greatly advanced understanding of the evolutionary pathways which have allowed functional preservation despite remarkable structural diversity. Far less structural information is available for synthetases of higher eukaryotes. The only nucleotide sequences of mammalian synthetases so far available are those of the glutaminyl-(1), aspartyl-(2), threonyl-(3), valyl-(4), tryptophanyl-(5) and histidyl-RS (6, 7) .
The histidyl-tRNA synthetase (HRS) has attracted especial interest because it is a frequent target of autoantibodies in the human autoimmune diseases, polymyositis and dermatomyositis (8, 9) . Four other synthetases have also been found as targetsthreonyl-(10), alanyl-(11), glycyl-, and isoleucyl- (12) ,-though far less often. The patients with these autoantibodies form a distinct group clinically and probably genetically (13) . Recent studies on the mechanisms of the induction and regulation of anti-HRS antibodies strongly suggest that the native human enzyme is the antigen which selects and sustains this immune response, which precedes the clinical illness (14, 15) .
In order to express the antigen for immunologic experiments and to study the control of its synthesis, we have isolated a cDNA encoding human HRS from the human hepatoma cell line, Hep G2. The cDNA sequence, determined by direct sequencing of PCR-amplified fragments, was markedly different from the published sequence of the human enzyme (6) . The differences within the coding region included multiple nucleotide substitutions and insertions and deletions resulting in frameshifts which lead to a substantial difference in the predicted primary structure of the protein. The purpose of this paper is to clarify trie discrepancy and to examine the sequence alignments of bacterial, yeast, and human HRS in the light of recent studies on the structure of class 2 synthetases (16) (17) (18) (19) . In addition, we present the sequence of a previously unknown fragment upstream of the translation initiation site, obtained by walking along genomic DNA.
MATERIALS AND METHODS

RNA PCR Reaction assays
Total RNA was isolated from Hep G2 cells using the RNAzol method (20) . cDNA was synthesized from 2.5 /tg of total RNA in a 20 /tl reaction containing 10 mM Tris-HCl (pH 8.3), 50 mM KC1, 1.5 mM MgCl 2 (lxPCR buffer, Perkin-Elmer-Cetus), 0.25 mM dNTP, an oligo(dT) primer, and 10 U of AMV reverse transcriptase (Boehringer, Mannheim). After incubating at 42°C for one hour, reactions were heated at 65°C for 10 min, and 2 /tl was used for PCR. PCR reactions were carried out in a final vol of 100 /*1 and contained 1 x PCR buffer, 200 /*M dNTP, 250 ng each of oligonucleotide primers flanking the coding region (Table 1-primers 3 and 4) and 2.5 U of Taq polymerase (PerkinElmer-Cetus)(l min at 94°C, 1 min at 55°C, 3 min at 72°C for 40 cycles). The oligonucleotides were constructed from the published HRS-human sequence obtained from an SV40 transformed human fibroblast Une (6) . The resulting 1.6 kB DNA fragment was directly sequenced using the protocol we described previously (21) . Overlapping sequences were obtained for both strands of the cDNA.
RNA from human fibroblast line, IMR 90, and human fetal myoblast line, HFM-1, (the kind gift of Dr. Lori Love) was reverse-transcribed using an oligo(dT) or primer 4 (Table 1) and subsequently amplified for 40 cycles with primer pairs 3 and 16 or 4 and 984 (Table 1 and Figure 1 A) to obtain two overlapping DNA fragments ('5'frag' and '3'frag') encompassing the entire coding region of HRS. Each PCR cycle consisted of 1 min at 94°C, 1 min at 68°C, and 2 min at 72°C. DNA fragments from IMR 90 and HFM-1 cell lines were used for hybridization analysis. 5'frag and 3'frag from the Hep G2 cell line served as controls for these experiments.
Genomic PCR amplifications PCR grade human DNA was prepared from whole blood as previously described (22) . Primers 10 and 17 (Table 1 and  Figure la) were used to amplify a genomic region which covers exons 6-8 and includes the two small introns. Amplification was carried out with 2.5 U of Taq polymerase (1 min at 94°C, 1 min at 65°C, and 2 min at 72°C for 30 cycles).
Two sets of primers were used to amplify separately exon 8 and exon 10 from genomic DNA. Amplification was carried out with primer pairs 12 and 17 (Table 1) for exon 8 (1 min at 94°C, 1 min at 60°C, and 1 min at 72°C; 30 cycles) and primer pairs 984 and 985 for exon 10 (1 min at 94°C, 1 min at 65°C, and 2 min at 72°C; 30 cycles). Products of genomic PCR amplifications were used for hybridization.
Slot-blot hybridization
PCR products (200 ng DNA) were heat-denatured (5 min, 100°C), diluted to 200 /tl with 6xSSC (0.9 M NaCl, 90 mM sodium citrate, pH 7.0), and 100 y\ aliquots were applied to a Nytran filter (Schleicher and Shuell, Inc.) pre-soaked in 6xSSC using a slot-blot apparatus. The filter was baked for 1 hour at 80°C. Single strips were hybridized to 32 P-labelled oligonucleotides specific to either the Hep G2 HRS or to the published HRS sequence. The hybridization was performed overnight at 42°C in 5xSSPE 0.75 M NaCl, 50 mM NaH 2 PO 4 , 5 mM EDTA), 5 xDenhardt's solution, and 0.5% SDS, followed by washing several times at room temperature in 2 x SSPE, 0.5 % SDS and a 30 minute wash at 55°C in 2XSSPE, 0.5% SDS.
Inverse PCR
To amplify a previously unknown region upstream from the translation start site of the HRS gene, we employed the inverse PCR procedure (23) . Two sets of enzymes were used for chromosome walking. Genomic DNA (3 ng) was first cleaved with Ava I and ligated with T4 DNA ligase in a dilute DNA solution (< 3 /ig/ml). The resulting circular molecules were cut at an internal site with Bgl I and amplified with primers 2597 and 1102 (Table 1) (1 min at 94 C, 1 min at 60 C and 2 min at 72 C, 30 cycles). Genomic DNA was then cut with Taq I, ligated, re-cut with HglAl and amplified with primers 2755 and (6) . Nucleotides missing in the published sequence are indicated by a hyphen. * = Exon sequences of the chromosomal gene for hamster HRS were used (7). products were directly sequenced. The extension products were extracted, ethanol-precipitated, separated on a 6% poly aery lamide 8 M urea gel, and detected by autoradiography.
Primer extension
RESULTS
DNA Sequence analysis
The cDNA sequence determined by direct sequencing of PCRamplified fragments (without cloning) differed markedly from the published HRS sequence obtained from an SV40-transformed human fibroblast line (6) . The Hep G2 HRS coding region contains 39 nucleotide substitutions, 6 insertions, and 3 deletions resulting in several frameshifts compared to the published sequence.
Several possibilities besides sequencing errors could explain the discrepancy, including the existence of two genes or of alternatively spliced forms of a single transcript from two tissue sources. To choose among these possibilities, we synthesized HRS cDNA from IMR 90 and HFM-1 total RNA and amplified by PCR two overlapping DNA fragments encompassing the entire coding region of HRS. To rule out the possibility of PCR carryover, we amplified a genomic region spanning exon 6 through exon 8 which includes 2 small introns, according to the intron-exon boundaries published for the hamster HRS gene (7) . Finally, exon 8 and exon 10 were separately amplified from human genomic DNA in an attempt to locate the published sequence somewhere in the genome. All the PCR primers (except as noted below) were chosen to match regions of exact agreement between the sequences but to flank regions of discrepancy.
For each amplification, a single product of the expected size was obtained. The products were probed with oligonucleotides specific for Hep G2 HRS or for the published sequence. (Figure lb) . Hep G2 5'frag and 3'frag served as positive controls for slot blot hybridization analysis. Two primers (2491 and 986) corresponding to the published sequence mid-exon 8 and midexon 10 were used for PCR amplification at low stringency (45 C annealing) to generate a positive control for the published sequence.
As shown in Figure lc , only Hep G2 HRS-specific oligonucleotides hybridized under stringent conditions with the corresponding DNA sequences; in contrast, only control PCR products, made at low stringency with primers containing published sequences, were positive with the probes specific for the published sequence. Hybridization of duplicate gel blots with Oligonucleotides 2491 and 986 were also used for low stringency PCR amplification from genomic DNA to generate positive controls for the published sequence, c. Hybridization analysis of amplified products (100 ng DNA) were heat-denatured at 95 °C for 5 min and applied to a Nytran filter using a slot-blot apparatus. The blot was hybridized to sequence-specific oligonucleotides corresponding to either Hep G2 (lanes 1 and 3) or published sequence (lanes 2 and 4). The amplified DNA hybridized to Hep G2 specific probes. In contrast, oligonucleotides specific for the published sequence hybridized only the DNA amplified in order to generate a positive control. oligonucleotide probes (Table 1) , corresponding to the Hep G2 (probe 18) or the published sequence (probe 19) for the end of exon 7 also gave signal only for Hep G2 (data not shown). These results clearly indicate that only Hep G2 HRS sequence is present in the human genome. At the conclusion of these experiments, the entire coding sequence of HRS cDNA from cell line HFM-1 was determined by direct sequencing and was found to be identical to the Hep G2 sequence.
Analysis of the sequence differences between the Hep G2 and the published sequence shows that the changes we found in the HRS sequence are not random. At the nucleotide level Hep G2 HRS shares substantially more similarity with yeast HRS (24) 1 and 4) nucleotidcs from the transcription start site were used for primer extension analysis. The primers were annealed to total RNA from Hep G2 (lanes 1 and 2) and HeLa cells (lanes 3 and 4) and extended by reverse transcriptase. The length of the reverse transcripts was determined on a sequencing gel. The sequence ladder shown in the middle was obtained by using the primer extension oligonucleotide -137 to -158 as a sequencing primer and PCRamplified genomic fragment as a template.
reading frame would have a molecular weight of 57,410 daltons. The predicted amino acid sequence of the human HRS published here shares considerably more homology with yeast HRS than the previously published sequence, particularly in the three structural motifs recently identified in Class 2 synthetases (17, 18) . In motif 1, among 37 aa, 18 are identical and 6 are conservatively substituted between yeast and human, and 4 are identical and 8 conservatively substituted among E. coli (25) , yeast, and human. In motif 2, among 36 aa, 30 are identical and 4 are conservatively substituted between yeast and human, and 9 are identical and 11 conservatively substituted among E. coli, yeast, and human. In motif 3, among 28 aa, 15 are identical and 6 conservatively substituted between yeast and human, and 7 are identical and 7 conservatively substituted among E. coli, yeast, and human. The three species share 78 identical and 89 conservatively substituted amino acids for an overall homology of 31.7 percent. In the motif regions, the hydrophobicity plots of the three proteins, determined by the technique of Kyte and Doolitle with the SOAP program in PC/GENE using a window of 11 aa, are nearly superimposable (data not shown).
5' Untranslated region
To obtain a previously unknown sequence 5' to the translation start site, we used inverted PCR. In order to find a convenient restriction site, we first amplified and directly sequenced intron 1 of the HRS gene (sequence available upon request). Primer pairs 2 and 421 (Table 1) 1 and the end of exon 2 were used for this amplification. A two step protocol was employed to obtain a previously unknown 530 bp sequence upstream from the translation start site, taking advantage of the sequence information on intron 1. Ava I digestion of genomic DNA followed by amplification with primers 2597 and 1102 (Table 1) yielded an approximately 200 bp fragment that lies outside the boundaries of known sequence. Based on the sequence of this fragment, we designed primers 2755 and 2736 to amplify by inverse PCR an additional 330 bp of upstream sequence using Taq I restriction enzyme. To confirm the identity of the upstream sequence obtained by inverse PCR, we carried out genomic amplification of the region which included part of exon 1 in addition to the 5' untranslated region. This PCR product was directly sequenced with Taq DNA polymerase using the DNA Sequencing system (Promega) and was found to be identical to the sequence obtained by inverse PCR.
Mapping of transcription initiation
To determine the 5' end of the HRS mRNA isolated from Hep G2 and HeLa cell lines, we have used primer extension analysis with two different 32 P oligonucleotide primers complementary to the sequence from nucleotide +4 to +27 and from -137 to -158. In each case, one major extended product was observed in two cell lines (Figure 3) , suggesting that the transcription initiates 378 to 382 nucleotides from the ATG. The position of the start site was determined from a sequencing reaction initiating from the same primer using amplified genomic DNA as a template. Several smaller extended products, observed only with the primer hybridizing downstream from the 5' end of the coding sequence, most likely represent false start sites due to secondary structure in the mRNA. The sequence upstream from the start site does not contain the TATA or CCAAT motifs. Instead, potential binding sites for the transcription factor SP1 are found in the 5'-flanking region.
DISCUSSION
The sequence of human HRS we have determined allows HRS to fit comfortably with the Class 2 synthetases, as the previously published sequence did not. The multiple errors in the previously published human HRS cDNA sequence, including both nucleotide substitutions and frameshifts, lead to a difference of 8.9% at the amino acid level. Alignment of the sequences off. coli, yeast, and human (Hep G2) alongside the predicted sequence for the published hamster sequence (7) is shown in Figure 2 . The hamster sequence diverges from human in areas conserved between yeast and human and even in areas conserved among the E. coli, yeast and human, suggesting that it, too, contains errors. Areas likely to contain sequencing errors are indicated by arrows beneath the hamster sequence in Figure 2 .
The determination of the human HRS sequence, along with the recently completed human TRS sequence (3), now allows sequences of Class 2a synthetases for the same amino acid from a prokaryote (E. coli), a lower eukaryote (yeast), and a higher eukaryote (human) to be compared. From the published analyses of Class 2 synthetases-first, by Eriani et al (17) , and more recently by Cusack et al (18) -it has been possible to recognize those structural elements that have been preserved during the presumed horizontal evolution of a primitive parent synthetase to the ten enzymes which comprise the family. The crystal structures of two of these synthetases (16, 19) , including one with the cognate tRNA bound, has allowed certain recognition of the ATP binding site and of the region which binds the 3'CCA end common to every tRNA. Motif 2 and Motif 3 are concerned with binding the stem and the ATP, respectively (18, 19) . Because the overall chemical reaction catalyzed by these enzymes involves the esterification of the carboxyl group of an amino acid first to ATP and then to a hydroxyl on the ribose of the terminal adenosine, these are just the features which must be conserved during both the horizontal evolution-from a parent protein to progeny for ten different amino acids-and the vertical evolution-from species to species.
There are, however, additional requirements for vertical evolution. What need to be preserved are the cavities for the amino acid and for the tRNA recognition motifs-the anti-codon and the most distal base pair(s) of the acceptor stem (26) (27) (28) and other regions as well (29) . As Cusack et al have pointed out (18) , the region identified as lying between Motifs 1 and 2-encompassing loop LI, beta sheet B2 and helix H9-does contain some amino acid specific sequences as does the region encompassing two strands of the active site beta sheet, 0A3 and /3A4. The three HRS sequences, the three TRS sequences (3, 30, 31) , and the E. coli and yeast SRS sequences (32, 33) three of the four members of Class 2a-allow a clearer view of these two regions, which lie outside the motifs, in which strong vertical preservation suggests that they are regions conserved for these purposes.
In Figure 4a , the region just proximal to motif 2-designated signature region 1-is aligned for these sequences. The strong vertical preservations within all three families is evident. For HRS, among 42 aa, 10 are identical and 12 are conservatively replaced, and three runs of three aa conserved. For TRS, among 48 aa, 20 are identical and 5 are conservatively replaced and there are runs of nine, seven, and four aa conserved. For SRS, among 55 aa, 15 are identical and 11 conservatively replaced, and there are one run of five and four runs of three conserved, although it is necessary to introduce two gaps. What is striking, however, is that whereas in motif 2 it is easy to align all of the 8 sequences used, in signature region 1, the three groups are wholly different.
The alignment of a second area-designated signature region 2-which is comprised of the /3 strands A3 and A4 in E. coli SRS, is shown in Figure 4b . Here the conservation is even stronger. Allowing for a single variable gap in the middle in each of the three HRS, among 32 aa, 18 are identical and seven are conservatively replaced, and there are conserved runs of eight, six, five and three aa. In TRS, with allowance for a gap in E. coli and human, among 57 aa, 22 are identical and 11 are conservatively replaced, and there are conserved runs of four, five, six, and six aa. In SRS, among 59 aa, 24 are identical and 13 are conservatively replaced, including a conserved run often, four runs of four , and two runs of three conserved aa. Again, the three groups differ strikingly from one another, but in each group preservation almost always exceeds preservation within the motifs.
Based on the crystal structures of the closely related class 2a synthetase, E. coli SRS, in which the exact location of the substrates has not been identified (16) , and of the less closely related class 2b yeast DRS (19) for which the position of the tRNA is known, these signature regions are likely to interact with the proximal acceptor stem and the amino acid, respectively. The low overall homology between some E. coli and yeast pairs and the abnormal charging of a yeast tRNA within E. coli (34) have suggested the possibility that a synthetase might even have changed its commitment to a particular amino acid during evolution. The existence of the vertically preserved signature regions shown in Figure 4 is the strongest proof so far of the continuous evolutionary relatedness of family members.
These one dimensional homologies are no substitute for crystal structure, but they may help with understanding the mechanism of enzymatic action as more structures are solved, and they are useful guides to the evolution of synthetases. Furthermore, the homologies may also be useful for obtaining clones of other family members.
Finally, the amino terminal 60 amino acids in human HRS, which precede Motif 1 and are in a region known to vary greatly among synthetases even within the same family, has been discovered by Fett and Knippers to have a significant homology to a 57 aa motif which is repeated three times in the middle of the anomalously large human QRS (1). The location of this shared motif, which is wholly contained within the first two exons of HRS, raises the possibility that the two most proximal exons and the first intron of HRS shuffled to QRS. What adds particular interest to this possibility is the fact that QRS is a Class 1 enzyme whose gene is located on human chromosome 1 (35) and HRS is a Class 2 enzyme whose gene is located on human chromosome 5 (36) . A recent search of Genbank and EMBL by the TFasta program of the Wisconsin GCG Sequence Analysis Software Package, carried out by the Advanced Scientific Computing Facility of the Frederick Cancer Research Center, however, shows that the center of this 60-amino acid stretch (aa residues 14 to 45- Figure 2 ) has substantial homology to a variety of other known genes. Besides human QRS and hamster (but not yeast) HRS, yeast RNA polymerase C-40 gene (accession number Ml5499), rabbit eukaryotic release factor (accession number M33460), and both bovine (accession numbers X52113, M74074, J05334,X53918) and human (accession number M61715) tryptophanyl tRNA synthetases are closely related. These are all proteins which bind or interact with RNA, suggesting the possibility, reinforced by the predicted helical structure, that this is a nucleic acid binding motif.
